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Electrochemical Annealing and Friction Anisotropy of Domains 
in Epitaxial Molecular Films** 

Julie A. Last and Michael D. Ward* 

Abstract 

Electrochemical annealing of domain boundary defects in an epitaxial monolayer 

whose structure mimics the (001) layers of the organic superconductor ß- 

bis(ethylenedithio)tetrathiafulvalene triiodide, (ET)2l3, has been visualized in situ using 

real-time atomic force microscopy. These defects are observed readily by lateral force 

imaging and high resolution contact mode imaging reveals that the domains are oriented at 

angles of ±«60° because of epitaxy with the HOPG substrate. The frictional contrast 

between domains is due to the anisotropic molecular field encountered by the tip and is a 

direct consequence of the crystalline order of the rigid monolayer. Potential cycling about 

the deposition potential resulted in a reduction in the number of domains, with the smaller 

domains eventually adopting the orientation of surrounding larger ones, ultimately forming 

large (> 15 |J,m2) defect free monolayers. This demonstrates that the defect density of 

redox-active molecular films can be reduced by relatively simple means. 
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The formation of high quality thin films is essential for many electronic and optical 

technologies.1 While substantial advances have been made with conventional elemental 

and inorganic materials there is increasing interest in molecular films, largely based on the 

premise that electrical and optical properties can be manipulated by molecular design and 

control of supramolecular organization on substrate surfaces. For example, vapor 

deposition and molecular beam techniques have been employed to fabricate epitaxial films 

of 3,4,9,10-perylenetetracarboxylie dianhydride (PTCDA) on graphite,2'3'4-5 and films of 

organic dyes such as copper phthalocyanine on graphite, SnS2 and M0S2A7'8 Langmuir- 

Blodgett films9'10-11 and self-assembled monolayers with redox active components12'13-14 

have been investigated owing to the possibility of two-dimensional electronic properties. 

However, applications based on these films is likely to be limited by their high defect 

densities and poor lateral ordering.15'16 

Molecular crystals commonly possess two-dimensional layered structures with 

strong bonding within the layers and relatively weak van der Waals bonding between 

layers.17 Numerous examples of molecular crystals exhibit electrical and 

superconductivity,18 ferromagnetism,19 and nonlinear optical behavior.20 This suggests 

that these materials can provide a new paradigm for the design of robust, highly ordered 

crystalline films with predictable molecular-scale architecture and novel electronic 

properties.21-22 Indeed, recent studies in our laboratory have demonstrated that molecular 

films based on conducting and superconducting organic charge-transfer salts have 

structures which mimic that of specific crystal planes of their bulk counterparts.23'24'25-26 

For example, in situ atomic force microscopy (AFM) revealed that electrochemical 

oxidation of bis(ethylenedithiolo)tetrathiafulvalene (ET) in the presence of I3- led to 

formation of a robust molecularly thick film on highly oriented pyrolytic graphite 

(HOPG).25-26 The thickness and lattice parameters of the film indicated the formation of a 

monolayer with a structure mimicking the (001) layer of ß-(ET)2l3, a superconducting 

phase. Indeed, further growth on top of this monolayer led to selective formation of bulk 



crystals of this polymorph. The azimuthal orientation of the monolayer and subsequently 

formed bulk crystals was consistent with coincidence of the (001) ß-(ET)2l3 layer with the 

HOPG substrate, a condition which was confirmed by an analytical two-dimensional lattice 

match calculation.27'28 However, monolayer growth was accompanied by the formation of 

domains with different orientations due to the symmetry of the HOPG substrate, leading to 

domain boundary defects which may serve as barriers to electron transport in the two- 

dimensional layers. We describe herein observation of frictional anisotropy during lateral 

force imaging of these domains and an "electrochemical annealing" process that reduces the 

number of domains in (001) ß-(ET)2l3 monolayers. This procedure results in essentially 

defect-free films, and should be applicable generally to redox-active molecular films. 

ET 

Electrochemical oxidation of ET at 650 mV (vs. Ag/AgCl) in acetonitrile containing 

0.1 M n-Bu4+N I3- results in growth of a monolayer with a structure mimicking the (001) 

layer of ß-(ET)2l3 on an HOPG electrode, which can be observed directly by AFM.25'26 

Real-time investigations revealed that a complete monolayer was formed by coalescence of 

separate growing monolayer domains. Lateral force imaging, which relies on lateral 

twisting of the AFM cantilever due to friction with the sample, revealed an enhanced 

contrast at the domain boundaries when imaging was performed at 90° (Figure la). The 

AFM data also revealed identical heights (15.5 Ä) and in-plane lattice parameters (bi = 6.6 

Ä, b2 = 9.1 Ä, ß = 110°) which we previously assigned to a monolayer with structural 

features identical to the (001) layer of ß-(ET)2l3. High resolution data revealed a 60° 

orientational difference between the monolayer lattices of adjacent domains.   This is 



consistent with the symmetry of the HOPG substrate and the azimuthal orientation in which 

coincidence of the monolayer, confirmed by AFM data and modeling of the interface,25'26 

is achieved at bi = 4.0ai + 2.0a2 and b2 = -4.0ai + 3.3a2, where ai and a2 are the in- 

plane lattice vectors of HOPG (Figure 2). The enhancement of friction at the domain 

boundaries can be attributed to disorder in these regions owing to orientational mismatch, 

which may lead to a decrease in the rigidity of the film at the boundaries. Previous studies 

have suggested that friction is greater for domains with lesser order and lower moduli due 

to greater penetration of the tip in softer phases.29'30 

[Figure 1] 

[Figure 2] 

The lateral force images acquired at an angle of 90° exhibited perceptible, but small, 

differences in friction between domains. In contrast, lateral force imaging at an angle of 0° 

revealed substantial differences in friction between the domains (Figure lb). The 

observation of friction contrast must be due to orientation differences between domains, as 

the domains are of identical composition and structure. That is, the differences must be due 

to frictional anisotropy as the tip moves along the surface of the ß-ET2l3 monolayer, 

which is structurally anisotropic with respect to the direction of tip motion (Figure 2). This 

also indicates that the monolayer must be rigid on the time scale of the tip motion and must 

be highly ordered, consistent with the observation of molecular contrast for this monolayer. 

We presume that friction experienced by the tip is due to atomistic stick-slip, as lattice-over- 

lattice sliding in which a flake of the sample picked up by the tip is moved across the 

sample is unlikely here.31 The anisotropy of the molecular field of the (001) layer will 

result in differing degrees of stick-slip on differently oriented domains for a given tip 

moving in a fixed direction. Frictional anisotropy has been observed previously in only a 

limited number of examples, including domains of a poly(oxymethylene) single crystal32 



and a lipid bilayer.33 Images taken at both 0° and 90° reveal domains of identical shapes, 

although more domains are evident in the 90° scan. High resolution imaging reveals that a 

small number of domain boundaries are associated with translational displacement between 

identically oriented domains. Under this condition, domain boundaries would be evident 

even though the contrast of the domains would be identical. Such a condition may account 

for the observation of additional domains at the 90° scanning angle. 

Application of a potential which was cathodic of the monolayer stripping potential 

(550 mV vs Ag/AgCl) resulted in film dissolution at the domain boundaries (Figure 3) due 

to the higher free energy of the ß-(ET)2l3 monolayer at the domain boundaries.34 

Dissolution generally was more rapid at the boundaries of domains having larger perimeter- 

to-area ratios. Cycling the film potential between 550 mV and 675 mV vs Ag/AgCl, which 

is cathodic of the stripping potential and anodic of the deposition potential, respectively, 

resulted in progressive growth of the larger domains at the expense of smaller domains 

(Figure 4). For example, the areas of domains 1, 2, and 3 in Figure 4 decrease upon 

potential cycling, while numerous domains in the center of the scanned region disappear 

completely. Domains 4, 5, and 6 increase in area, with domains 5 and 6 annealing into a 

single domain filling most of the scan area, resembling Ostwald ripening.1 The result is an 

overall reduction of the total length of domain boundaries, with the data in Figures 4a, 4b, 

and 4c exhibiting total domain boundary lengths of 23.9, 18.7 and 14.3 (im, respectively. 

Additional experiments have demonstrated that incompletely dissolved domains regrow 

with the same orientation as the smaller domain, but growth from surrounding larger 

domains intrudes on the region previously occupied by the domain. This results in a 

progressive movement of the domain boundary toward the center of the smaller domain 

until the annealing is complete (Figure 5). Secondary nucleation events in the dissolved 

regions were never observed. 

[Figure 3] 



[Figure 4] 

[Figure 5] 

These observations illustrate that monolayer films with potentially novel electronic 

properties can be prepared by electrochemical routes, and that these films can be annealed 

by simple potential cycling about the deposition and dissolution potentials. The ability to 

visualize these processes in situ and in real time with AFM enables elucidation of the role of 

epitaxy in domain formation and the influence of domain size on the dynamics of 

annealing. The combination of electrochemical growth and annealing can enable the 

fabrication of relatively defect-free molecular films on substrates with non-planar 

geometries. 

Experimental 

Atomic force microscopy experiments were performed using a Digital Instruments, 

Inc. Nanoscope III scanning probe microscope and Si3N4 tips (quoted spring constant of 

0.06 Nnr1). A piezoelectric scanner with a maximum lateral scanning range of 15 um x 15 

|im was used for imaging. All images shown were obtained in lateral force mode, at tip 

scan rates ranging from 2 to 10 Hz. Data were collected using Digital Instruments 

Nanoscope III version 4.1 software and were low-pass filtered once. Image analysis was 

performed with the Nanoscope III and with NIH Image version 1.59b2 (available by 

anonymous FTP at zippy.nimh.nih.gov) software. Electrodeposition of the monolayers 

was performed in acetonitrile solutions containing 0.5 mM ET (Aldrich) and 2 mM 

tetrabutylammonium triiodide (n-Bu4N+l3"). The n-Bu4N+l3- was prepared by addition of 

5 g (0.01354 mol) n-Bu4N+I- (Aldrich) to 120 ml of 1.7 M KI (Aldrich), followed by 

addition of 3.44 g I2. The resulting dark brown solution and deep purple oil layer was 

stirred at 70°C for approximately 10 minutes and allowed to cool to room temperature, 

resulting in the formation of dark black solids which were filtered, collected and rinsed 



with distilled water. Recrystallization from hot methanol and drying in vacuo afforded dark 

black plate-like crystals of TBAI3. 

Electrodepositions were performed in an AFM fluid cell (Digital Instruments) 

equipped with ports for fluid entry and exit. Freshly cleaved highly oriented pyrolytic 

graphite (HOPG) was used as the substrate and working electrode, and platinum counter 

and quasi-reference electrodes were inserted through the outlet port of the fluid cell. 

Potential cycling was performed by applying a square wave with a homemade function 

generator. Potential limits were chosen based on the potential at which monolayer 

deposition and dissolution was observed in the scanning region. Typically, deposition first 

occurred at approximately 650 mV vs. Ag/AgCl, with the monolayer remaining stable at 

620 mV. The potential was cycled approximately 620±75 mV, with the anodic potential 

held for approximately 20 seconds and the cathodic potential held for approximately 15 

seconds. 



Figure Captions 

Figure 1. (A) Lateral force images of a completely formed monolayer with a structure 

mimicking the (001) layer of ß-(ET)2l3 acquired with the cantilever oriented at 90° with 

respect to the scan direction (horizontal). In this mode the domain boundaries are 

pronounced. (B) Lateral force images of a completely formed ß-(ET)2l3 monolayer 

acquired with the tip oriented at 0° with respect to the scan direction (vertical). In this mode 

the frictional contrast between differently oriented domains is accentuated. 

Figure 2. (A) Schematic representation of two adjacent ß-ET2l3 domains, separated by a 

domain boundary, on the HOPG substrate (only the ethylene ends of the ET molecules in 

contact with the substrate are shown for clarity). The domain boundary is indicated by a 

dashed line. The domains have a 60° orientational difference, as deduced from real space 

AFM data and Fourier transforms, the latter being illustrated below. Each domain is 

coincident with the HOPG substrate, with bi = 4.0ai + 2.0a2 and b2 = -4.0ai + 3.3a2, 

where ai and a2 are the in-plane lattice vectors of HOPG. This orientation results in an 

angle of 19° between the monolayer lattice vector bi and the HOPG lattice vector a\. The 

coincidence implies a non-primitive lbi x 3b2 supercell (shown here) which is 

commensurate with the HOPG substrate. (B) A space filling model of two adjacent 

domains of a (001) ß-ET2l3 layer as viewed normal to the layer. Frictional contrast 

between differently oriented domains is observed because of their differently oriented 

molecular fields. 

Figure 3. Lateral force AFM images illustrating dissolution of a (001) ß-(ET)2l3 

monolayer. (A) t = 0, (B) t = 30 sec. Dissolution occurs preferentially at the boundaries of 

the smaller domains. The domain boundaries are highlighted here with dashed lines for 

clarity. 
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Figure 4. Sequence of AFM images illustrating the electrochemical annealing of a (001) 

ß-(ET)2l3 monolayer acquired in lateral force mode in situ during potential cycling between 

550 and 650 mV (vs. Ag/AgCl) at (A) t = 0, (B) t = 22 min., (C) t = 41 min. The data was 

collected with the tip oriented at 90° with respect to the direction of tip motion. The 

number and the overall perimeter of the domain boundaries decrease with time. The 

domain boundaries are highlighted here with dashed lines for clarity. The numbered 

domains are discussed in the text. 

Figure 5. Schematic representation of electrochemical annealing. Differently oriented 

domains are represented by differently oriented line patterns, and the dashed line refers to 

the boundary of the original domain. (1) Upon application of a cathodic potential, -E, 

monolayer dissolution begins at the domain boundary. (2), (3) If the cathodic potential is 

applied for an amount of time sufficient for complete domain dissolution, subsequent 

application of an anodic potential leads to growth of the surrounding monolayer with no 

new nucleation occurring where the original domain existed, thus affording a nominally 

defect-free film. (4) If a small island remains after domain dissolution, upon potential 

reversal monolayer growth occurs at the edges of the island and the surrounding terrace. In 

this case, the newly formed domain boundary has a smaller perimeter than before 

dissolution. (5) Continued potential cycling results in eventual disappearance of the smaller 

domain. 
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